Testicular dysfunction is the most common side effect of chemotherapeutics as cyclophosphamide (CP). Stem cells (SCs) transplantation has become a new therapeutic strategy in the treatment of male infertility. Lipoic acid (LA) is one of the effective antioxidants. This work aimed to evaluate the histological changes induced by CP on the rat testes and the possible ameliorating role of SCs and LA. Methods and Results: 37 male albino rats were divided into: group A (Control), group B (experimental) that received intra peritoneal (IP) injection of 15 ml/kg CP for 6 wks. Then, they were subdivided into 5 subgroups: B1 (model) continued receiving CP for 11 wks, B2 (SCs) injected IP with single dose of SCs (1x106 per animal), B3 (LA) injected IP with both CP and LA (10 mg ⁄ kg ⁄ every other day) for 11 wks, B4 (SCs + LA) treated with both SCs and LA and B5 (recovery) left without any treatment for 11 wks. Histological, immunohistochemical and morphometric studies were performed. B1 and B5, revealed the toxic effect of CP; such as atrophy, degeneration, incomplete spermatogenic series in most seminiferous tubules. Spermatogenic and Leydig cells showed negative immunoreaction with BCl2. These changes were ameliorated in B2, B3andB4.These ameliorations were better in B4 than in B2andB3. Conclusions: CP can induce testicular lesions in rats. Withdrawal of CP does not ameliorate these effects. The concomitant administration of SCs and LA with CP improved these lesions. Meanwhile combined treatment with SCs + LA resulted in better improvement more than using each one of them singly.
INTRODUCTION
Testicular tissues are commonly attacked by many antineoplastic cytotoxic agents and immunosuppressant medications. These materials significantly affect the patient's capacity of having his own biological offspring. In many cases, the capacity to accomplish a pregnancy might be temporarily diminished, compelling the patient to postpone parenthood and sometimes sterility might be permanent [1] .
The application of Cyclophosphamide (CP) in the treatment of some leukemia, lymphomas, and solid malignancies is so common. Human and animal models treated with CP showed reproductive toxicity as the main side effect of the drug. Gonadal toxicity, which can lead to sterility in humans, is caused by long-dated treatment with CP for cancers. Many records have specified that CP indisposes the oxidant-antioxidant balance of tissues and raises the production of intracellular reactive oxygen species (ROS). The oxidative stress that leads to cellular damage is mainly related to the imponderables between the production of ROS and the lowering of antioxidative mechanisms [2] .
Mesenchymal stem cells (MSCs) transplantation has turned to be a new curative planning for the treatment of male sterility. The reports evidenced that MSCs could collaborate in spermatogenesis [3] . They have been detected in many tissues such as adipose tissue and extra embryonic tissues. They are able to be induced to differentiate into cells of mesenchymal lineage and form male germ cells, bone, cartilage or fat [4, 5] .
MSCs have a great appeal for cell therapy and tissue engineering in treatment of testicular injury for numerous reasons. They are relatively easy to procure, multiply rapidly in culture and show only petty spontaneous differentiation during ex vivo expansion. They are multi potential and form supportive stroma for hematopoiesis. They seem to be largely immunologically inert, paving the way for allogenic and xenogenic transplantation. They are immunosuppressive and secrete numerous trophic agents which alter inflammation, remodeling and apoptosis [6, 7] .
Lipoic acid (LA) is a powerful antioxidant that works against oxygen radicals in testicular tissue [8, 9] . Many reports demonstrated that LA protects the testis against a wide spectrum of toxic agents where oxidative stress is a part of the underlying etiology [9, 10] .
The present study aimed at investigating the possible therapeutic effect of MSCs as a line of treatment for experimentally induced testicular injury by CP in comparison to the effect of LA in male albino rat.
MATERIALS AND METHODS

Drugs
• Cyclophosphamide: In the form of endoxan vials of 200 mg, each vial was dissolved in 10 mg saline (Multipharma for Pharmaceuticals and Chemicals Company, Egypt).
• Alpha-Lipoic acid (Thiotacid): was obtained as pack of five ampoules each of them is 10 mg solution (EVA pharma for pharmaceuticals and Medical Apliances, Egypt).
• Bone Marrow-derived Mesenchymal Stem Cells (BMD-MSCs): purchased from Biochemistry Department, Faculty of medicine, Cairo University.
Animals
Thirty seven four months old adult male albino rats weighing 150-200 g were used and divided into 2 groups placed in separate cages. The animals were kept under good hygienic conditions, fed ad libitum and allowed for free water supply. The experiment was performed in the Animal House of Kasr Al Ainy, Faculty of Medicine,Cairo University. The rats were treated in accordance with guidelines approved by the Animal Use Committee of Cairo University. The rats were divided into the following groups: * Group A (Control group): 10 rats, each of them was injected intraperitoneally (IP) by 10 mg/kg body weight saline for 17 weeks [11] . * Group B (Experimental group): 27 rats were IP injected by CP 15 mg/kg body weight dissolved in saline every other day for 6 weeks. Two rats were sacrificed to confirm testicular injury [12] then the rest of animals were subdivided into 5 subgroups (5 animals per group) as following:
• SubgroupB1 (CP treated): Rats were IP injected with CP at a dose of 15 mg/kg/body weight dissolved in saline every other day for 11 weeks [11] .
• Subgroup B2 (Stem cells subgroup): Rats received CP as in subgroup B1 and single dose of BMD-MSCs (1x106 per animal) injected into the tail vein [12] .
• SubgroupB3 (LA subgroup): Rats received CP as in subgroup B1 and LA ampoules administered (IP) to the animals at a dose of 10 mg ⁄ kg ⁄ every other day dissolved in saline for 11 weeks [13] .
• Subgroup B4 (Stem cells plus LA subgroup): Rats received CP as in subgroup B1+ BMD-MSCs as in subgroup B2+ LA as in group B3 [12, 13] • Subgroup B5 (Recovery group): Rats were left without any drug treatment for 11 weeks [12] .
At the end of experiment, all rats were sacrificed by over dose of anesthesia (100mg/kg ketamine-xylazaine IP [14] and testes were removed after an abdominal incision that was extended to the perineal region. The scrotal sacs were opened and the testes were removed.
Preparation of BMD-MSCs from rats a) Isolation
Bone marrow was harvested by flushing the tibiae and femurs of 6 weeks old male albino rats with Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine medium .Nucleated cells were isolated with a density gradient and resuspended in complete culture medium supplemented with 1% penicillinstreptomycin. Cells were incubated at 37° C in 5% humidified carbon dioxide for 12 to 14 days as primary culture or upon formation of large colonies.When large colonies developed (80-90% confluence), cultures were washed twice with phosphate buffer saline (PBS) and cells were trypsinized with 0.25%trypsin for 5 minutes at 37• C. After centrifugation (at 2400 rpm for 20 minutes), cells were resuspended with serum supplemented medium and incubated in 50 cm2 culture flask Falcon. The resulting cultures were referred to as first passage cultures [15] .
b) Morphological Identification
MSCs in culture were characterized by their adhesiveness and fusiform shape [16] .
c) Labeling of MSCs with PKH26 dye
MSCs were harvested during the 4th passage and were labeled with PKH26 fluorescent linker dye. PKH26 is a red fluorochrome, has excitation of 551 nm and emission equals 567 nm. It is physiologically stable and shows little to no toxic side effects on cell systems. Labelled cells retain both biological and proliferating activity. Labelled cells that have been washed can be visualized in culture up to 100 days after staining (for non-dividing cells). The dye itself is stable and will divide equally when the cells divide [17] .
(1) Histological study a. Hematoxylinand Eosin staining [18] .
b. Masson's trichrome staining [19] .
c. Immunohistochemical studies with BCl 2 onchoprotein [20] .
(2) Detection of homing of MSCs
labeled with PKH26 fluorescent dye in testicular tissue with immunofluorescent microscope.
(3) Morphometric study
using Leica Qwin 500 (Leica LTD, Cambridge, UK) image analysis, assessment of the mean area % of collagen fibers. and mean area % of BCl 2 in all groups were measured using an objective lens of magnification 10 for collagen fibers and 40 for BCl 2 . Ten fields were measured for each specimen. Using the colour detects blue collagen and brown immunostained areas were masked by a blue binary colour. The area % was calculated in relation to a standard measuring frame of area 118476.6 micrometer square for collagen fibers and 7286.78 micrometer square for BCl 2 .
(4) Statistical analysis
Quantitative data were summarized as means and standard deviations and compared using one-way analysis of variance (ANOVA). Results were considered significant when probability p<0.05, highly significant when p<0.01 and very highly significant when p<0.001 [21] .
RESULTS
No deaths were observed in all rats.
Hematoxylin and eosin (HandE) stained sections
Section of testis of control rats (group I) demonstrated seminiferous tubules that were lined by spermatogenic cells and intact basement membrane. The interstitial cells of Leydig appeared scattered between the seminiferous tubules ( Figure 1A ). Myoid cells appeared as flat cells at the basement membrane of seminiferous tubules and the tails of late spermatids were observed. The interstitial cells of Leydig appeared rounded with acidophilic cytoplasm and pale nuclues with prominent nucluelus ( Figure 1B ).
In subgroup B1 (Model subgroup), most of the seminiferous tubules appeared markedly distorted ( Figure 1C ).Multiple cytoplasmic vacuolations were seen in the tubules. The interstitial tissue is showing Leydig cells with dark nuclei and congested capillaries ( Figure 1D ).
In subgroup B2 (Stem cells subgroup), some seminiferous tubules appeared with regular outline while others were still distorted .The interstitial cells of Leydig were scattered in between the tubules. The seminiferous tubules appeared lined by more or less normal spermatogenic cells .The interstitial tissue contained normally arranged Leydig cells ( Figure 1E ).Some seminiferous tubules appeared with mostly preserved arrangement of the spermatogonic cells and few cytoplasmic vacuolations. The seminiferous tubulesappeared lined with more or less normal spermatogenic cells;spermatogonia, 1ry spermatocytes andspermatids. The interstitial tissue showed interstitial cells of Leydig with acidophilic cytoplasm ( Figure 1F ).
In subgroup B3 (LA subgroup), numerous seminiferous tubules appeared distorted ( Figure 2A ). Some seminiferous tubules appeared with intact basament membrane , cytoplasmic vacuolations and spermatogenic cells with dark nuclei.The interstitial cells of Leydig showed acidophilic cytoplasm and atypical dark nuclei ( Figure 2B ).
In subgroup B4 (Stem cells plus LA subgroup), most of seminiferous tubules were apparently normal.The interstitial tissue revealed nearly normal Leydig cells ( Figure 2C ). Most of seminiferous tubules appeared lined by nearly normal spermatogenic cells; spermatogonia, 1ry spermatocytes and intact basement membrane. The interstitial tissue appeared with nearly normal Leydig cells with acidophilic cytoplasm ( Figure 2D ).
Insubgroup B5 (Recovery subgroup), multiple seminiferous tubules appeared with depleted spermatogenic cells. The interstitial tissue showed congestion of peritubular blood capillaries ( Figure 2E ). The seminiferous tubules revealed disrupted basement membrane and distorted spermatogenic epithelium with marked cytoplasmic vacuolation .The interstitial tissue showed congested blood vessels and Leydig cells with dark atypical nuclei ( Figure 2F ).
Masson's trichrome stained sections
No apparent interstitial collagen fibers deposition in sections of testes of control rats ( Figure 3A ).While model subgroup showed massive amount of collagen fibers deposition in between the tubules ( Figure 3B ).Stem cells subgroup showed fine collagen fibers deposition inbetween seminiferous tubules( Figure 3C ). LA subgroup displayed dense perivascular and peritubular collagen fibers deposition ( Figure 3D ). Stem cells plus LA subgroup revealed no apparent collagen fibres deposition ( Figure 3E ). While recovery subgroup showed seminiferous tubules with massive collagen fibers deposition in the peritubular space and around blood capillary ( Figure 3F ).
Immunohistochemical studies with BCl 2 onchoprotein
Positive BCl 2 immunoexpression was found in the cytoplasm of the spermatogenic and Leydig cells in sections of testes of control rats ( Figure 4A ). While model subgroup showed negative BCl 2 immunoreaction in the cytoplasm of spermatogenic cells and Leydig cells ( Figure 4B ). Stem cells subgroup showed+ve BCL 2 immunoreactions in the cytoplasm of their spermatogenic cells and Leydig cells ( Figure 4C ). LA subgroup showed negative BCL 2 immunoreaction in the cytoplasm of the spermatogenic cells and positive BCl 2 immunoreaction in the cytoplasm of Leydig cells ( Figure 4D ). Stem cells plus LA subgroup revealed moderate +veBCL 2 immunoreaction in the cytoplasm of spermatogenic cells and Leydig cells ( Figure 4E ). While recovery subgroup showed negative BCl 2 immunoreaction in the cytoplasm of spermatogenic cells as well as in the cytoplasm of Leydig cells ( Figure 4F ).
Homing of transplanted MSCs
Testicular section of subgroups B2 ( Figure 5A ) and B4 ( Figure 5B ) showed homing of transplanted MSCs (yellow arrows) in testicular tissue.
Morphometric results
A significant increase in mean area % of collagen fibres content was recorded in subgroups B1, B3 and B5 compared to control and subgroups B2 and B4 ( Figure 6A and Table 1 ). The area% of BCL 2 immunoexpression denoted a significant decrease in subgroups B1, B3 and B5 compared to control and subgroups B2 and B4 ( Figure 6B and Table 2 ). 
DISCUSSION
The application of CP as anticancer and immunosuppressive agent is commonly accompanied by reproductive toxicity [22] . Human studies showed CP chemotherapy resulted in prolonged male gonadal injury, diminished testosterone synthesis and depletion of spermatogonia leading to infertility [23] . Testicular dysfunction is the most common side effect of CP chemotherapy among broadly used cytotoxic drugs for the treatment of various cancers [24] . In the present study, HandE stained testicular sections of subgroups B1 (model subgroup) and B5 (recovery subgroup) showed irregular and distorted seminiferous tubules with marked degeneration of the spermatogenic epithelium and congested blood vessels. There were negative immunereactivity in the cytoplasm of spermatogenic, Sertoli or Leydig cells with BCl 2 stain. This result correlated with the massive fibrosis detected with Masson's trichrome stain.
Testicular toxicity caused by CP is due to disturbance of balance between reduction-oxidation reactions in tissues resulting in oxidative stress. CP metabolically activates mixed oxidase system of the hepatic microsomal cytochrome P450, and this is rated the main mechanism of both the therapeutic and the toxic effects [25] .
CP utilization by cells produces the two active metabolites; phosphoramide mustard and acrolein [26] . Other documents stated that antineoplastic effects of CP are imported by its phosphoramide mustard metabolite; while the acrolein induces the toxic side effects e.g. cell apoptosis, oncosis, and necrosis. That is in role explains the -ve immunereactivity in the cytoplasm of spermatogenic, Sertoli and Leydig cells with BCl 2 stain [27] .
In subgroup B2 (stem cells subgroup): HandE stained sections showed preserved arrangement of the seminiferous tubules with minimal vacuolations.Some spermatozoa appeared in the cavity of the tubules.The interstitial tissue contained normally arranged Leydig cells thus revealed remarkable improvement of seminiferous tubulesas compared to subgroup B1. There were some immunereactivity in the cytoplasm of spermatogenic, Sertoli and Leydig cells with BCl2 stain. This result correlated with the diminished fibrosis detected with Masson's trichrome stain.
MSCs have the ability to proliferate, regenerate, transform into differentiated cells, home into the damaged site and finally differentiate into cells specific to the tissue. The differentiation capabilities of MSCs and their relative ease of expansion in culture clearly make MSCs potentially ideal candidates for tissue repair therapy [12] . MSCs are able to restore spermatogenesis via differentiation into germ cells then gave rise to sperm-like cells, leading to recovery of fertility in the testicular injury rat model [28] .
The antioxidative system is significantly restored by MSCs by increasing the activities of Superoxide dismutase (SOD), Catalase (CAT) and Glutathion peroxidase (GPx) levels in testes tissue. Moreover, MSCs scavenge free radicals from testicular tissues thus protecting against induced oxidative damage. They specifically respond to oxidative stress by regulation of tissue homeostasis and regeneration of organs after oxidative injury [29] .
Furthermore, it is reported that MSCs share in restoration of of spermatogenesis in through differentiation into sperm or maintenance of the spermatogonial stem cells. So, MSCs could be a rich and functional line for infertility treatment [30] .
In subgroup B3 (LA subgroup): HandE stained sections showed that the spermatogenic epithelium was improved as compared to CP-treated group however, this improvement was less than that in subgroup B2 (stem cells subgroup) and subgroup B4 (stem cells plus LA subgroup).There were -ve immunoreaction in the cytoplasm of the spermatogenic cells, but there is still positive immunoreaction in the cytoplasm of interstitial cells with BCl 2 stain. This result correlated with dense fibrosis detected with Masson's trichrome stain.
LA is an effective antioxidant [31] . It is able to scavenge ROS in vitro and in vivo. It works both inside the cell and at the membrane level, thereby giving dual protection [32] . It creates a strong shield on plasmalemma of the sperm, along with the liquid that surrounds the spermatogenic cells indirectly promote their ability to resist higher volumes of free radicals. It has also been reported to relief the mitochondria's Krebs cycle; this in turn will raise the level of reduced glutathione, ATP, Tricarboxylic acid cycle enzymes and electron transport chain complex activities [33] .
Other LA antioxidant effects include its ability to regulate cellular metabolism and increase the level mitochondrial co-enzymes and protect the cells against free radicals leading to reduction of mitochondrial dysfunction and preservation of spermatogenic cells against ROS [34] . Additionally, it regenerates the Glutathione (GSH) pool by reduction of oxidized GSH. Treatment with LA helps to vanquish the oxidative stress by increasing the GSH level, which in turn increases free radical scavenging ability [31] .
In subgroup B4 (stem cells plus LA subgroup), sections showed restoration of seminiferous tubules with intact basement membrane. The seminiferous tubules were lined by nearly normal spermatogenic cells with clear primary spermatocytes and spermatids within their centers. There was moderate immunoreactivity in the cytoplasm of spermatogenic and Leydig cells with BCl 2 stain. This result correlated with the little fibrosis detected with Masson's trichrome stain.
It is worth notice that, the results of the present study showed that combined LA and MSCs treatment yielded better improvement of CP-induced testicular injury as compared to either LA or MSCs alone.
LA protects testes against GSH depletion [35] and it increases the total GSH content of the seminiferous tubules [36] . On the other hand, GSH plays a paramount role in MSCs proliferation and differentiation [37] . Testicular differentiation of MSCs is carried out in presence of N-acetylcysteine (the precursor of GSH biosynthesis) [38] .
Diminished GSH and Thiobarbituric acid reactive substances (TBARS) are signs of antioxidant condition in biological systems. GSH, an installment of non-enzymatic antioxidant status, helps to effectively strips H 2 O 2 and serves as a cofactor for GSH transferase, which helps to tear out certain chemicals, drugs and other reactive molecules from tissues [39] .
The degenerative changes in seminiferous tubules and their morphology in model and recovery subgroups are due to apoptotic effect on spermatogenic epithelium which was illustrated by histological examination and BCl 2 analysis. In this study, subgroups B1 and B5 showed -ve immunoreactivity to BCl 2 whenever subgroups B2, B3 and B4 showed +ve immunoreactivity. This is assured by morphometric studies that detected significant increase the immunoreactivity of subgroups B2, B3 and B4 more than in subgroups B1 and B5.
CONCLUSION
Administration of CP to rats induced testicular lesions. Withdrawal of the drug did not ameliorate this effect. The concomitant administration of MSCs and LA with CP led to an improvement in testicular lesions induced by CP. Meanwhile, combined treatment with MSCs plus LA resulted in better improvement more than using each one of them singly.
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